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Abstr~ct.  We analyze the ncw nlid-infrared  nlaps  of
NGC 6946  for variations in the color ratio of tllc 7-to
15/110 elili.ssic)n. O u r  prclilninary  fi]lciings  are tha t  t h i s
]nid-i[lfrarcd (-olor i s  rclnarkahly  co]lstallt  bctwec[]  arlns
ancl inter-arlo regions, and a.s a function of radius in the
(iisk, cxc]uding the nuc]ear rc.gion.  As surface brightness
ranges hy xnore than  an order of lnagnitudc and the ra-
dius t UIIS  from about 0.5 to 3 kpc, the color ratio retnains

constant to about 20$K0.  Our interpretation is that ( 1 )
Inicl-inframd  colors arc not particularly sensitive to the
variations of the heating spectrum bctwccn star-forming
regions al;d diffuse heating regions; and (2) that surface
brightness variations arc driven primarily by surface-filling
fraction in the disk, and try radiation intensity increases in
starhrrst  environlncnts,  such as the nucleus of NGC  6946.

Kcy worcls:  Infrared - Galaxies; Galaxies -- individual;
Galaxies - IShl

1. lntrocluction

“Jim Infrared Space Observatory (1S0; Kessler ct al. 1996)
])rovides a unique opportunity for extending the study of
star fornlation  to systems that have rcmaitlcd  irlacces..i-
ble to sub  orbital Idatforms  in iufrarcd  (l It) spectroscoI)y

SctId offprint  rqucst~  to: l\clou@i])W.Atccll  .edu
● Bawd  on observations with 1S0, an EXA  ~]rojcct  wit}, il,-
strumcrltri fulldcd  by JtSA  Mernbcr  States (especially tl]e 1’1
cou~ltries:  1,} arlcc, (;cr many,  the Nct,hcrla[lcts  and the U n i t e d
Ki,)gdom) ar,d witti L]IC pal Licipation  of ISAS and N A S A .

and low- brig} ltnew imaging. ‘1’hc ‘(lS() }{cy I’rojcct”  ot]
the interstellar rnediurn of norlna]  galaxies, which is part
of the NASA Guaranteed ‘1’itnc, use.~ 1S0 to dctive  the
I,hysic-al ~)ro[ml  tics of the interstellar gas, dust alld ra-
diation field in a broad sarnplc  of “norlnal”  disk galax-
ies, defined as systc~ns  whose luminosity is dominated hy
star formation. ‘J’he l~roject collects a variety of diagnos-
tics fronl ISO iustrulnents, lnainly  ionic and atonlic  fin-
structure line fluxes using l,WS (Clcgg et al. 1996), far-IIt
continuuni  fluxes and nlid-IRspectra  using I’}10’J’-C  and
I’I1O”J’-S (I~rnkc  et al. 1996), and mid-11{ maps at 7 and
15pn~  using CAM (C. Cesarsky  et al. 1996). 1’WO groups
of objects arc included: About six rrearhy  galaxies such
as NGC 6946 provide s~)atially resolved cases where the
various phases of the intcrstc]]ar  mcdiurn  (lSM) can bc
studied separately, and t}ieir signatures irl each otmcrv-
ahle identified. About sixty distant galaxies wit}l small
a[)lJarc~lt  11{ sizm~ were sclectcd to span the full ranges of
morphology, lurnirlosity,  I1t-t~Mue  ratio, and IRAS colors
ttlat arc covcrcd  hy star-  for[[ling  galaxies. IIy charactcriz-
i[lg tllc variation in IsM propcrtim  in ti]is diverse sarnl)lc,
wc hope to gain new insight into the the star formation
prc,cess on the scale of ga]axi~,  especially its drivcrti and
in}libitcm.

We report  in this paper on analysis  of t}lc first data
obtained for the l(cy l’rojcct  on normal galaxies, narncly
lSO-CA M rnalm at 7 and 15pn~ of NGC  6946, aimed  at un-
derstanding the mid-l  It colors and their variation within

the disk of this spiral  galaxy (Malhotra et al. 1996). lR col-
ors formed among the I ltAS bands are WCII known  as sensi-
tive indices of the radiation intensity in the ISM  of galaxies
(Soifcr, llouck  &’ Ncugebauer  ]987; ]ICIOU & Wang 1996) .



2. ol]scvvatit)]ls arid  l)atil  H’dllctiorl

N(; (; 6946  was rl]al)[xd  at  711 rrl (I,W? filter,  AA : 3  5),  l],)
ar]d at  15  I( rr] (I,W3 f i l t e r ,  AJ : GI[ rll),  (]slrl~,  tt]( rit.itcr
scar] rllodc  t o  c o v e r  rouglily 12.5’ x 12.5’  cerltrred  or] llic

]iuclcrrs.  CAh4  WM s e t  t o  6 “ / p i x e l ,  arlct  tlic  raslcr  was
Ir]adeul)oftlxtl  IJoir]tirlgs  scl)aratccl  I)y 81”,  or 13  5 [)]xcls,

Ir] cacll  dircctiorl  for better  s[mtial  sarll[)llrlf:  ‘J’tlc  dctalls  of
cI<itii  rc’ductlorl  arid Illiaf,c  rccollstructlorl  arc F,IVCII ]rl t])e
colni)allion  I)a])cr  by hfalhotra  et  al.  ( 1 9 9 6 ) .  ‘J’llcse  rnal)s
arc IM.wI oll a I)rclilr]ir]ary  data  rcductiori  arid o v e r a l l  cal  -

It)ratiol]  w i t h  a 30%  ullccrtairlty,  so wc wil l  riot  a d d r e s s
Ilcrc tJIc  alwo]utc  value  of ttlc  cc,lor  r a t i o s .

‘1’hc i]nagcs  refiultiug  from this prcliloluary  data rcduc-
Liorl  were corlstructccl  orl a grid with 3“ x 3“ J)ixcls,  slid
ac]licvcd  a sl)atial  reso]utiou with a I~Wll M of -- 7.2” at
both  wavclcrlgt,hs. “1’hc noise levels irl ttle  irrlagcs  arc aJ)
J)roxirnatdy  ( ) ,1  M J y  sr - 1 v 211Jy  arcscc  - 2 . }Jor mr]l~)ari-

GOII,  the clca]lcr  itnagcs  irl lIt.AS Sky Survey Atlas  (Wtlcx-
lock et al. 1 994) rcacl] a rloisc  level about  three times lower
at l?l(rll  in a 4’ bcarn,  i.e. a solid angle 1600 tirllcs  grea ter
tl]arl  the lS()-CAhf  ilnages.  Features roughly a tllousarld
tIIIiCS  t)ri~tlter  ttlarl  t,llc rloisc  are  st i l l  rel iably r]]ca.surcd  ill

tlirxc  [naps. ‘1’hc inner 15” or sc) arc too brigtlt  to roerwurc,
arid tlic  s u r f a c e  Ilrigtltr]css  at ttlc  rluclcus excccds  300 ar]d

hfiO hfJy fir- 1 rCS})CCti  VC]y at ‘/ aIld l[J/fr  Il.

Ally e.still~at,iou of the color of tl]c galaxy, qxzially  irl
the outer regio~ls of the galaxy, is strc)rlgly  cfTcctcd  t)y tl]c
sut)tracticm  of tl]c  fc)rcgrouud  zodiacal light. ‘J’hc  zodiaca l

forcgrourld  w a s  dct,crrnir]cd  froro  an a~lr]ulus o f  rad ius  5’
cc]]tcrcxl  or] t]lc  nucleus  of NGC 6 9 4 6  a f t e r  dc-J)rc)jcctiorl
o f  t h e  lnaI)  a.sssurili[lg  all i[tclinatiotl  atlglc  of 3 0 °  mid a

J)ositiorl  arlglc  of 67°. At 7~11n  the zodiacal  surface brigllt-
rlc.ss cqua]s  t]lc g,a]axy  ’s sutfacc  briglltrlcss  at tl]e  r a d i u s
of ?’, arid i s  - -  SO tirncs  t}lc  i)oisc  lcvcl  irl t}lc  firlal rllalj.

III a(]dllic)ri,  sj)atlal  galli virriatlolis  ill  t]lc rna~)s  aficct  sIF,-

:]. c:(,IOI (;lzi(li(,iit  iii tl)(, I)isk

‘1’t](. ]S()(~Ahl  JI)alJs  of N(;(; 6!~46 ~Iav~ ([IoII[;I]  r{s(~lll[lc,li,

S(r]s}tiv]ty  ari(i  cxtel]t  to a l l o w  ii (-});ira(tcr[z,atl(~ll  {Jf (])(.
r]]l{l.ll{r-ol[)r  Iwt]avlor  a s  a furlc[lorl  of l~ositi(]ll iri t,],{  clls~
hl](l-11{  r[lorJ)l](]logy  iit  I)otll  7 iiIId lbilrll I S  ~crlcr;illy SIIII

Il:ir  to oJ)tical,  r:id]cr ;iIId 1/0 ir[la~cs, w,lth ar] CXlmIICIIt I;il

disk  ar]d  w e l l  dcfiric(l  tlIougl I (Iocclllcrit  arrrls  (hial]]otra

ct a l .  ]996).  I)iffusc  c[[iiss~orl frorrl tlie  d i s k  iu tl~c il]tcr -
arrrl rc~iorls  i s  c l e a r l y  detcctcd  arid call  Lc traced  out to

--5’. ‘I’l, c disk is relatively syrl]rllctric,  [Ilakir]g  it urllikcly
to  ix t}]c  result  of trarls]crlt  eflccts  irl de tec tors  or  otllcr

a r t i f a c t s .  I I ov . ’ cvc r ,  a slf IIl)lc ratio  lnaJ)  of tllc  7 to 15JIIII
lillfi~,cs  stlo~vs  csscrltially  rlo si~,r] o f  s t r u c t u r e ,  sur,~,cstili~
lt);il  ttlc colors arc rcl;itlv(ly  rofis[:ilit af ross all Lt)osr r[](]r
[)llolo~,lcal  Cl(rllellts

III tl)cir al]alysisof  scale Icrlgt}ls,  hfal},otra  CL al .  (1996)
SIIOW tt]o r a d i a l  J)rofilc  of ttlc  disk  dcfir]cd  I)y tl]c rllcdlarl

hrl~,t](llcss  a t  e:icli  radius  Lo be Illclistlrlgllistlat)lc  bctv.ccrl
[IIC two (;Ahl rl]a[js  at 7 ar]d 15j~rrl ‘1’tlls  is corrlJwlllrl~cv]
dcr]cc  f o r  tt]c  atmcrlcc  ofally rad]al  ~ra<licr]t  ir] tllc  ‘[r]lcarl”

il~lci-llt  color  c.veII  as the rnediall  t)rigl~trlcss  droJ)s  t)y a fac-
tor  o f  -  10.

4. Arrll-lrltcrrrrlll Color (;orltrast

III order to address tllc qucsllorl  ofcolor variatiori  twtwecri

ar[r] arlcl  inter-arrn, we illtroctllce  a relatively ot~jcctivc  de f-
Irl[tlor) of J)hysically  sir[lilar  ar]d  corltiguous  reg ions  tm.scd

or] br]ghtr]css.  We first ctci~rojcct  the  galaxy assuming an
Ir]clirlatior]  ariglc  c)f 3 0 °  arid  a  J)ositior]  arlglc  of 6 7 ° .  We
tl}crl consider tllc ditributiorl  of surface brightucss  in all
l)IXCIS  withirl  arlr]uli 1 5 ” w i d e ,  ar~d  take tl]e  ar[l]s  to be

l}IOW I)]xels that were the toI>  ranked  ?5% ili both ttlc
71[r11  auct 15111n  ma}m.  Similarly,  the lowest-ranked ’25%
of ~)ixcls are taken to bc the diffuse disk or irltcr-arrn  rc-
~lor]s ‘1’tlc r e s u l t  o f  ttlat  sortirlg is  sl)owrl irl ];igure  1 ,
\vtilcll  dcrrlor]stratcs  ttlat  tt]e rrlctl]o(i  idcr]t,  ifie.s  rca.sor]at)ly
w(,ll  ;irrr)s that  would I)c J)ickc(l  out t)y CyC. ‘J’tlc trallsitior]

rc~,lor)  arour]d  the ~r]ccliau  of t~tc distrit)ution  is t~c)t  corwid-
cre{l  ir]  tt}e follc)wir]~,  disr-~]ssio]l. ‘1’he  t w o  IrlaI) cor)ctitiol!
011 ttlc  t)ri~l]tr)css  sclcctior]  i s  r]ecmsary  to avoid  I)ia.sirlg

tt]c  color ratio t)y sc]ccti[lg  l)ixcls t}]at arc o pfyori h igh  in

either  ttle  Ilurncrator  or  derloI]lirlator.

‘1’lIc colors arc tl]crl  cstirnatcd  as the ratio of the irl-
tc~ratcd  sutfacc  Lrig}it[lcss  I)ct,v,,ccrl  7  arid ]Sllrn irl tile
arrrl or irlterarro rcgiorl  in cacl] 15” arlrlulus. ‘1’hc Iurl of 7-
to 1 [)~lrll colcws is ~~]ottcd agair]st radius ir) IFigurc 2, arid
a~,alrlst  surface brightllms  irl l:igurc 3, ‘1’hc ullccrtairlty
I)ars s}lowrl rcftcct  two cxtrcrrles  of I)ossiblc errors, rlarncly
[I]at  l}IC z e r o  J)oi[lt  sut)tractioll  is off t)y Crrlc  o irl o[)[)ositc
dlrcctlolls  f o r  cac]l  o f  tile  rlul[lcrator  arid dc[lo!nirlator  irl
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f,hc color ratio, wllcrc a is l,hc noi.sc in the cInljf,y  part of

tl~c-r’n~j),  w 0.1 hlJy sr-] . ‘J’llis is clearly a co~lscrvative
,.

,, :cstimatc,. of-tlic possitdc  ~rror in -the. zero-point det,orii~ina-
~ ,,~im)i’ ,,., .
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Fig. 1. Select.ion map showing the as-em resigned to rmn and
inter-arm hy the n]id-lR tn-ightncss  sorti]lg  method  descrihcd
in $3. I’lLc dark  arca~ correspond to arms, whereas t}]e lightly
shaded areas correspond to CMTUSC  disk or inter-arm regions,
and blank areas to t}le transition regions whit}] are not coils  id-
ered further here,

It is clear  from Figure 2 that the mid-l]t colors are
generally quite constant across the disk. l’here  is a slight
trend for at] increase in the 7-to-15pm ratio with increas-
ing radius, but this trend is not significant in view of the
uncertainti~q  assumed. ‘l’his analysis complements the re-
sults discussed in \3, since those results pertain to the
median brightness whereas these plots address the upper
and lower quartilw in the brightness distribution. We con-
clude that the 7-to-15pm color is constant to within +.20Y0
ii] the disk of NGC  6946. ‘J’his conclusion applies whether
one compares arms and diffuse disk, or whether onc con-
siders the trrightcr,  medium or dimmer parts of the disk
as a function of radius.

In the innermost three annuli  plotted in Figure 1, arms
and inter-arm regions show slightly diflerent  colors, a dif-
ference on the order of 2CT only. Given the preliminary
status of the data reduction wc take a cautious view of
the reality of this difference, especially that the detectors
WOUI{I  be nlost  susceptible to systematic problems here
bccausc  of the very bright nuclear region.

Figure  3 shows no sytcmatic dependence of color on
surface brig] ltncss,  which would have been a direct indi-
cation of errors in the zodiacal foreground subtraction or

of NGc 6940
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Fig,.  2. Valiatio]\ of the 7-t~15pn~ color rat io as a fu[iction  o f
radius for eac}l of the arms and inter-arm regions. Note t}lat
both here and in Pigurc 3 wc have excluded tlic nuclear region
wlle~e the galaxy’s brightness excccds the linearity range of
the detector. l’he ulicei-tainty t,ars for tt]e colors in the arlus
are shown as solid lines, aud those in the irkcr-arm  regions rM
Imoken lines.

of ncm-]incaritics  in the flux-scale calibration of either onc
of the two CAM maps. It again illustrates the tm.sic con-
stancy of color as tile surface brightness ranges by a factor
of 20. ]ntered,ing]y,  the co]or difkrence hinted at in ]’igurc
2 bccorncs lnorc  significant in Figure 3 as onc corrlpares
~,oints with similar surface brightness, as it appears just
where the brightest inter-arm regions and the dinlnlest
arm scgrnents  have comparable brightncm.

q’he CAM data are consistent with the 7-to-15pm color
dropping further as one approaches tile nucleus, but are
not sufflcient]y reliable to draw flrrn conclusions (Malhotra
et al. 1996). Sue}) a change in color however would be con-
sistent with the data in the Antennae galaxies (Vigroux  ct
al. 1996), where the 7-t~15/~m  ratio drops by a factor of 2
in the very bright “interaction region” where a star-burst
is in progress just as onc is known to bc occurring in the
nucleus of NGC 6946.

!5. Discussion

‘1’hc  constancy of rnid-lIt color across the disk and against
variations in the surface brightness is somewhat SUI pris-
ing, since onc would expect the heating spcctrurn  to
change  substantially bctwccn arm and inter-arm regions,
as the former contains ri~ore 1111 regions, massive stars,
and therefore a heating spectrum richer in UV photons,
‘1’hc  lack of variations suggests that the emission s[)cctrum
between 5 and 18/iln is not particularly sensitive tc, the



MI(]  11{ (.’0101 of h’(; (: 6:)46

1“’’1’1

-3

l!l, [1,,!,
o 10 20

Surfece brigt~tr,  css  in 1,W2(MJ~/sr)

F i g .  3 .  Variatiorl o f  t,llc 7-LG15~(1iI  cmlo]  Iatio as a fu]lctior]
of  711111 sur[acc br]g}ltrlcss  f o r  t})c ar]ns arid  ]rltcr-al  III rcg]orls.
‘1’lle  lirm co]lrwclirg  tlic s y m b o l s  illdicatc tllc radial  crrderirlg
o f  LIIC allrmli  fro~ll wljicll  the ~)lottcd  data  are dcr ivcd.

lleatiug  sl)cctru[o,  Jly contrast, the co~nt,ination of llA]]
and very s[nall graiu culission,  gauged by the llLAS 12-LO
25/J1rI ratio, has bum shown to vary with hcatiug  iut,cusity
and pr~su~ual)]y  UV-richucss  of the heating spcctruru  (e.g.
IIoulangcr  et al. 1988). While it may be argued that tllc 5
to 18/4111 s]~cctral  range covcrcd here is too small to show
tile cflccts observed iu the IRAS colors, it dots rclnain
I)uzzling that the heating  spectrum affects so little the
feature-t~colltil~uultl ratio. Onc implication is that the
relatively soft .q)cctrum in t,hc difl’usc regions is adequat,e
to cxcitc  emission in the 5 to 18pm range. q’his  agrees
with the Malhotra  ct al. (1 996) otrscrvation  that the mid-
IIt contrast bctwccn arms and inter-arlus  is closer to the
contrast in the visible It band than to that in t}lc IIcr, itu-
plying that ionizing and hard non-ionizing lJV radiation
dots not do~ninatc the heating of the grai~l l)opulatiol]s
radiating in the mid-Ilt.

‘Jlc shift i~] mid-]lt color observed in an cxtrc~nc star-
Imrst environment (Vigroux ct al. 1 996) suggests that even
the restricted 5 to 18/tin range dots cvcrltua]ly  get aflcctcd
by great incrcascs  in hcat,iug intensity or harducss  of hcat-
illg sl)cctruln,  in-csumably when grains in thcrlnal cquilib
rium cxcccd N] 00 K and start contributing substantially
to the 15/im baud. ‘Jl]c  fact  that this is not approached
gradually as the surface brightncm  rises ill the disk and
ar]ns (and if allythiug  tllc rcvcrsc is true at 7 hfJy  sr - ]
ill Pigure  3) suggests that the incrcasc  in surface bright-
ness dots not reflect a heating intensity incrczmc in the
disk, but  rather a surface filling factor incrcasc.  l’rmu[rl-
at)ly (Illc ar]us arc briglltcr  Lccausc of a greater surface

.
dcllsity  of distirlct aIId irldcpctldcnt  star for~lling  rcgiorls,
carl) of w]lictl elllits  a si]uilar  s])cctrulrl ill tllc rilid. I]”t. As

star- [)urst collditioIls arc rcaclicd tlowcwr,  tile clcr~sity or. ,

1 1 1 1  rcgious irlcrrascs to tllc I)oint of suImq)ositiou  and
(Ilc Ilcatillg irltcllsity  i]lcrca.scs  dral[latic-aliy, c a u s i n g  LIIC
surface hri.glltrlcss to incrcasc by at least ariothcr  order of
llla[~l)itodc.

‘1’llis  analysis  leads us to ~)rcdic.t that most ga]ax.

ics will dis[)lay  7-Lo  151(ru  colors sirllilar  to t h e  otles olJ-

scrvcd irl N(3(;  6946, with any cxce~)tions signa]]ing star-
I)urst collditiorlsj  rl)car)irlg  cxtrernc]y high I[eatirlg  i[ltcll-
sitics  and LJV-ricll llcatiug  spectra. SIJatially  uumsolvccl
,galaxics with I)ottl  rlor~[[al and star-burst corn] )onents will

of course disIJlay iutcrrtlediatc  nlid-I1t  colors.
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